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We study the quantum nature of non-Bunch-Davies states in de Sitter space by evaluating CHSH
inequality on a localized two-atom system. We show that quantum nonlocality can be generated
through the Markovian evolution of two-atom, witnessed by a violation of CHSH inequality on its fi-
nal equilibrium state. We find that the upper bound of inequality violation is determined by different
choices of de Sitter-invariant vacua sectors. In particular, with growing Gibbons-Hawking tempera-
ture, the CHSH bound degrades monotonously for Bunch-Davies vacuum sector. Due to the intrinsic
correlation of non-Bunch-Davies vacua, we find that the related violation of inequality can however
drastically increase after certain turning point, and may persist for arbitrarily large environment
decoherence. This implies that the CHSH inequality is useful to classify the initial quantum state of
the Universe. Finally, we clarify that the witnessed intrinsic correlation of non-Bunch-Davies vacua
can be utilized for quantum information applications, e.g., surpassing the Heisenberg uncertainty
bound of quantum measurement in de Sitter space.
I. INTRODUCTION
Local measurements performed by distant observers on
spacelike-separated quantum systems may lead to nonlo-
cal correlation, which Einstein famously called “spooky
action at a distance.” This quantum nonlocality has been
experimentally revealed by the violation of Bell-type in-
equalities [1, 2], which places an upper bound on the cor-
relation compatible with classical local hidden-variable
theories. While quantum nonlocality completely charac-
terizes the nature of entanglement for all pure states [3],
they are however inequivalent for general mixed states
[4]. Indeed, quantum nonlocality provides a profound
quantum witness on non-classical correlations [5], that
can be utilized in practical quantum information tasks.
Quantum nonlocality plays an important role in cos-
mology. In inflationary paradigm, quantum fluctuations
would be stretched over to leave a signature as cosmic mi-
crowave background (CMB) anisotropies. As the initial
state of inflation is heavily squeezed [6], Bell inequality
violating experiment was suggested [7] to be performed
on CMB to give compelling evidence for the quantum
origin of primordial density fluctuations. Conventionally,
quantum fluctuations are assumed to start in a Bunch-
Davies (BD) vacuum at infinite past. However, since the
field modes below the Planck-scale Λ are inaccessible,
this simple picture has been seriously questioned in re-
cent years [8]. Instead, with a short-distance cutoff at
Planck-scale, inflation models with non-BD initial con-
ditions have been extensively studied, in which non-BD
vacua are manifested in various approaches, such as, gen-
eral de Sitter-invariant vacua [9], initial entanglement in
scalar fields [10] or correlated bubble universes [11]. The
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related trans-Planckian frequencies are expected to red-
shift down and leave observable imprint [12]. To reveal
its quantum origin, Bell-type inequalities violating exper-
iment on the trans-Planckian modification of CMB has
been explored recently [13]. Nevertheless, it is interesting
to note that most of above schemes are constructed on
global modes of quantum fluctuation, while the cutting-
edge cosmic Bell test [14] can only access localized quan-
tum states.
In this paper, we study the quantum nature of non-BD
states of de Sitter space by evaluating a specific Bell-type
inequality (i.e., CHSH inequality [15]). In particular, we
are interested in those so-called α-vacua, which is an in-
finite family of de Sitter-invariant vacuum states labeled
by a complex number α. They were proposed decades ago
[9] and have recently been rediscovered in [16]. With de-
bates on their sick behavior in the UV [17], α−vacua nev-
ertheless serve as plausible candidate for non-BD initial
condition of inflation at some finite past [18], which leads
to anticipated trans-Planckian modification on CMB. For
this to be achieved, an appealing connection between α
and high-energy cutoff scale Λ should be imposed [19].
On the other hand, since every α-vacuum can be real-
ized as a state of pair condensation, or, alternatively, as
a squeezed state over BD vacuum, the quantum uncer-
tainty of α−state is heavily constrained. Therefore, we
expect that the associated intrinsic quantum correlation
can be witnessed by quantum nonlocality [20, 21], which
means that the amount of violation of CHSH inequality
should be α−dependent.
Working in detector-field picture, we study a local-
ized system composed of two Unruh-DeWitt detectors
in de Sitter space, each modeled by a freely falling two-
level atom. Assuming a weakly interaction with a bath
of fluctuating scalar field, the two-atom behaves like an
open quantum system, suffering by an environment de-
coherence attributed to thermality of de Sitter-invariant
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2vacua [22], e.g., Gibbons-Hawking effect. We evaluate
the CHSH inequality on the final equilibrium state of
system, and find that the upper bound of inequality vi-
olation is determined by the initial state preparation of
system, as well as on different choices of superselection
sectors of de Sitter vacua. In particular, begin with ini-
tial states having no quantum nonlocality, we show that
the Markovian evolution of two-atom can lead to final
equilibrium states that violate CHSH inequality. With
growing Gibbons-Hawking temperature TH , we find that
the CHSH bound degrades monotonously for BD vacuum
sector, while for non-BD vacua, the violation of inequal-
ity can however drastically increase after certain turning
point, and may persist for arbitrarily large environment
decoherence. This implies that the CHSH inequality is
useful to classify the initial quantum state of the Universe
[13]. Moreover, we emphasize that such intrinsic correla-
tion of non-BD vacua witnessed by quantum nonlocality,
can be utilized as a physical resource in practical quan-
tum information tasks, such as surpassing the Heisenberg
uncertainty bound of quantum measurement in de Sitter
space.
The paper is organized as follows. In Section II, we
solve the master equation of two-atom system, and give
explicitly its final equilibrium state. In Section III, we
evaluate the CHSH inequality for different superselection
sectors of de Sitter vacua, and show that the quantum
nonlocality arising from intrinsic correlation of non-BD
vacua can be utilized as a physical resource in quantum
measurement. In Section IV, the summary and discus-
sion are given. Throughout this paper, we use units with
G = c = ~ = kB = 1.
II. DYNAMICS OF TWO UNRUH-DEWITT
DETECTORS
To proceed CHSH inequality test on Unruh-DeWitt
detectors (labeled as A and B), we should first explore
the full dynamics of bipartite detectors state in de Sitter
background, which effectively is governed by a Lindblad
master equation.
II.1. Master equation of detectors
Without loss of generality, the total Hamiltonian of the
combined system (detectors + environment) is
Htot = HS +HΦ +HI (1)
Here HS is the Hamiltonian of two mutually independent
atoms in the common comoving frame. Since each atom
internal dynamics is driven by a 2× 2 matrix, we choose
HS in a concise form as
HS =
ω
2
(
σ
(A)
3 ⊗ 1(B) + 1(A) ⊗ σ(B)3
)
≡ ω
2
Σ3 (2)
where the symmetrized bipartite operators Σi ≡ σ(A)i ⊗
1(B) + 1(A) ⊗ σ(B)i are defined by Pauli matrices σ(α)i
(i = 1, 2, 3), with superscript α = {A,B} labeling dis-
tinct atoms, and ω represents the energy level spacing
of atom. HΦ is the Hamiltonian of free massless scalar
fields Φ(x) satisfying Klein-Gordon equation Φ(x) = 0
in de Sitter space, with covariant d’Alembertian operator
 ≡ gµν∇µ∇ν determined by chosen coordinate system.
HI describes the interaction between atoms and scalar
field, assumed to be in a form of electric dipole interac-
tion
HI = η
[
(σ
(A)
2 ⊗1(B))Φ(t,x(A))+(1(A)⊗σ(B)2 )Φ(t,x(B))
]
(3)
where η is a small dimensionless coupling constant.
We study the dynamic evolution of detectors’ den-
sity matrix ρAB(t) = TrΦρtot(t), where t is the proper
time of detectors’ worldline. We assume that the ini-
tial density matrix of total system is separable, i.e.,
ρtot = ρAB(0) ⊗ |0〉〈0|, where |0〉 is the vacuum state
of field Φ(x). The total density matrix evolves according
to von Neumann equation i∂tρtot(t) = [Htot(t), ρtot(t)].
In a weak coupling limit, the Markovian dynamics of two-
atom’s density matrix ρAB(t) can be induced from ρtot(t),
by tracing over all field degrees of freedom, and satisfies
a master equation in Kossakowski-Lindblad form [23]
∂ρAB(t)
∂t
= −i[Heff, ρAB(t)] + L[ρAB(t)] (4)
where
L[ρAB ] =
∑
i,j=1,2,3
α, β=A,B
C
(αβ)
ij
2
[
2σ
(β)
j ρABσ
(α)
i −{σ(α)i σ(β)j , ρAB}
]
(5)
is a nonunitary evolution term produced by the coupling
with external fields. The Kossakowski matrices C
(αβ)
ij can
be determined by Fourier transforms of following Wight-
man functions of scalar field
G(αβ)(t− t′) = 〈0|Φ(t,x(α))Φ(t′,x(β))|0〉 (6)
which are
G(αβ)(ω) =
∫ ∞
−∞
d∆t eiω∆tG(αβ)(∆t) (7)
where the superscript α, β = {A,B} labeling distinct
atoms. For two-atom system, one can easily find that
G(AA) = G(BB) and G(AB) = G(BA), which lead to
G(AA) = G(BB) ≡ G0 and G(AB) = G(BA).
The master equation (4) enables us to describe the
asymptotic equilibrium states of detectors at large times,
which are governed by the competition between envi-
ronment dissipation on curved background and quantum
correlation generated through the Markovian dynamics
of detectors [24]. For two-atom system, the initial in-
teratomic separation L ≡ |x(A) − x(B)| is a control pa-
rameter of correlation generation, as Kossakowski ma-
trices now become distance-dependent since in general
3G(AB) = G(BA) ≡ G(ω,L) = G0(ω)f(ω,L) for two sep-
arated atoms [22], where f(ω,L) is an even function of
frequency ω. One would not be surprised [25] that the
correlation generation between atoms would be more ef-
fective for smaller L, and becomes impossible for an in-
finitely large separation. In fact, it was shown [26] that
there always exist a proper L, below which the gener-
ated correlation can persist asymptotically in final equi-
librium states under environment dissipation. Therefore,
we can concisely fix a small interatomic separation, and
only concern about the influence of environment deco-
herence on the equilibrium states of detectors. In such
a situation, all the Kossakowski matrices become equal
CAAij = C
BB
ij = C
AB
ij = C
BA
ij ≡ Cij [27], where
Cij = Γ+δij − iΓ−ijkδ3k + Γδ3iδ3j (8)
with
Γ± =
1
2
[G0(ω)± G0(−ω)], Γ = G0(0)− Γ+ (9)
By resolving the master equation (4), the final reduced
density matrix of two-atom at asymptotic equilibrium
can be expressed in a Bloch form as [24]
ρAB(t) =
1
4
(
1(A)⊗1(B)+
3∑
i=1
ρiΣi+
3∑
i,j=1
ρijσ
(A)
i ⊗σ(B)j
)
(10)
where
ρi = − R
3 +R2
(τ + 3)δ3i,
ρij =
1
3 +R2
[R2(τ + 3)δ3iδ3j + (τ −R2)δij ] (11)
where the ratio R = Γ−/Γ+ is determined by the dy-
namics of the system. The final equilibrium state is also
depend on the choice of initial state by τ =
∑
i ρii(0)
which is a constant of motion and satisfies −3 6 τ 6 1
to keep ρAB(0) positive.
II.2. Dynamics within general non-BD vacua
We consider freely falling Unruh-DeWitt detectors in
de Sitter space, which weakly interact with a massless
scalar field conformally coupling to background. Work-
ing with the global coordinate system (t˜, χ, θ, ϕ) in which
detectors are comoving with the expansion, the line ele-
ment of de Sitter space becomes
ds2 = dt˜2−H−2 cosh2(Ht˜)[dχ2+sin2 χ(dθ2+sin2 θdφ2)]
(12)
where Hubble parameter H sets a positive cosmological
constant Λ = 3H2 and curvature radius as ` = H−1. We
assume the initial atom separation is sufficiently small,
i.e., L  `, so that the generated correlation at asymp-
totic equilibrium is independent on L1. Thus, the final
equilibrium states of detectors have the form as (10) and
(11).
�-
�+
χ = πχ = �
� = -∞
� = +∞
���-����
�������(�≪ �)
FIG. 1. Penrose diagram for global de Sitter space in coor-
dinates (12). Two freely falling atoms with small interatomic
separation (L `) move along the geodesic in de Sitter space.
The scalar wave equation can then be resolved
in coordinates (12) and defines a de Sitter-invariant
Bunch-Davies vacuum |BD〉. In the massless, con-
formal coupling limit, for a freely falling detector,
the associated Wightman function G+BD(x(t), y(t
′)) ≡
〈BD|Φ(x(t))Φ(y(t′))|BD〉 becomes [29]
G+BD(x(t), y(t
′)) = − H
2
16pi2 sinh2[(t− t′)H/2− i] (13)
which fulfills KMS condition, i.e., G+BD(t) = G
+
BD(t+iβ),
implying that for a detector in BD vacuum sector, it ends
up in thermal equilibrium at universal Gibbons-Hawking
temperature TH ≡ 1/β = 1/2pi` [30].
By Mottola-Allen (MA) transformation, one can fur-
ther define a one-parameter family of de Sitter-invariant
vacua called α-vacua |α〉, each of which can be in-
terpreted as a squeezed state over |BD〉, i.e., |α〉 =
Sˆ(α)|BD〉, where Reα < 0 and Sˆ(α) denotes a squeez-
ing operator in quantum optics [17]. In particular, we
adopt CPT invariant α-vacua, which means α < 0 is
real. Therefore, the Wightman function for the scalar
field in α−vacua can be expressed in terms of G+BD as
G+α (x, y) = N
−1
[
G+BD(x, y) + e
2αG+BD(y, x)
+eα
(
G+BD(x, yA) +G
+
BD(xA, y)
)]
(14)
1 It was claimed in [22] that quantum correlation generated in de
Sitter space cannot be perceived beyond the horizon scale `, no
matter how small the initial separation L is. Nevertheless, once
relaxing to master equation with dynamical coarse graining [28],
the generated correlation can even survive at the super-horizon
scale > ` if L is small enough. In this paper, we will not further
touch on this subtlety.
4where subscript α denotes a particular choice of α value,
N ≡ 1 − e2α and xA is the antipodal point of x. As
α → −∞, we find that G+α (x, y) reduces to the Wight-
man function in BD vacuum G+BD(x, y), which uniquely
extrapolates to the same short-distance behavior of two-
point correlation function in the Minkowski vacuum, as
the curvature of de Sitter vanishing.
Employing the relation [31]
G+(x, yA) = G
+(xA, y) = G
+(t− ipi) (15)
and substituting (13) into (14), we can calculate the
Fourier transformation of Wightman function in non-BD
sectors as
Gα = ω(1 + e
α−piω)2
2pi(1− e−βω)(1− e2α) (16)
and the related Kossakowski coefficients are
Γ+, α =
ω
[
(1 + eα−piω)2 + e−βω(1 + eα+piω)2
]
4pi(1− e2α)(1− e−βω)
Γ−, α =
ω
[
(1 + eα−piω)2 − e−βω(1 + eα+piω)2
]
4pi(1− e2α)(1− e−βω)
Rα =
(1 + eα−piω)2 − e−βω(1 + eα+piω)2
(1 + eα−piω)2 + e−βω(1 + eα+piω)2
(17)
For fixed energy level spacing of detectors, it is easy to
find that Rα ∈ [−1,+1] as β varying. Inserting (17)
into (11), we obtain the final equilibrium state of two
detectors respecting to α−vacua, which is
ρAB =
 A− 0 0 00 B C 00 C B 0
0 0 0 A+
 (18)
where
A± =
(3 + τ)(Rα ± 1)2
4(3 +R2α)
, B =
3− τ − (τ + 1)R2α
4(3 +R2α)
,
C =
τ −R2α
2(3 +R2α)
Before moving to the quantum nonlocality of our
model, several remarks on α−vacua should be addressed.
Firstly, the squeezing nature of α−vacua can heavily con-
strain the measurement uncertainty. This implies that
certain intrinsic quantum correlation could be concealed
in these non-BD states [20]. Secondly, α−vacua are not
thermal in character, following the fact that (14) fails
KMS condition unless it reduces to BD vacuum. Such de-
viation from thermality has attracted many attempts [18]
to take α−vacua as alternative initial state of inflation.
To match the anticipated correction in the primordial
power spectrum of order ∼ O(H/Λ)2, the parameter α
can directly be connected to Λ, some fundamental scales
of new physics (e.g., the Planck scale or the stringy scale)
[19].
III. QUANTUM NONLOCALITY IN GENERAL
DE SITTER VACUA
To explore the quantum nature of intrinsic correla-
tion within non-BD vacua, we perform a Bell-type in-
equalities violating experiment on the bipartite state of
Unruh-DeWitt detectors. We expect that the amount of
violation should depend on initial state preparation of
detectors and different choices of superselection sectors
of α−vacua.
III.1. Violation of Bell inequality in de
Sitter-invariant vacua
We would check that if the reduced density matrix (18)
can violate CHSH inequality, which is a suitable inequal-
ity for two qubits to test local-realistic theories. Any such
theory must satisfy the bound [15]
|〈 BCHSH 〉ρ| ≤ 2 (19)
where the CHSH expectation value for a given state ρ is
defined as BCHSH = a·σ⊗(b+b′)·σ+a′ ·σ⊗(b−b′)·σ,
and σ is the vector of Pauli matrices. Therefore, the non-
local correlation of a quantum state ρ can be witnessed by
the violation of (19) up to a value 2
√
2, for some choices
of unit vectors a, b, a′ and b′ in R3.
For general bipartite states, a criterion for the max-
imally possible violation of CHSH inequality has been
proved in [32], which claims that the CHSH bound, i.e.,
the maximal possible value 〈 BCHSH 〉ρ can be deter-
mined by
〈 Bmax 〉ρ = 2
√
ν1 + ν2 (20)
Here ν1, ν2 are two largest eigenvalues of matrix T
t
ρTρ,
where the components of correlation matrix Tρ = (tij)
are defined as tij = Tr[ρ σi ⊗ σj ].
In our case, we can straightforwardly obtain a diagonal
T tρABTρAB matrix from (18) with three eigenvalues
λ1 = λ2 =
(
τ −R2α
3 +R2α
)2
, λ3 =
[
τ + (τ + 2)R2α
3 +R2α
]2
(21)
which indicates that 〈 Bmax 〉ρAB should depend on the
initial state of detectors labeling by τ , and the super-
selection sectors of vacua labeling by α. According to
different preparations of initial state τ , we come to three
classes of maximal amount of CHSH inequality violation:
(i) For the initial state prepared with τ0 = −(1 +
2/R2α)
−1, we have λ1 = λ2 = λ3. The CHSH bound
(20) is
〈 Bmax 〉(i) = 2
√
2|τ0| = 2
√
2R2α
2 +R2α
6 2
√
2
3
(22)
since Rα ∈ [−1,+1]. No violation of CHSH inequality for
final equilibrium state can be found as the CHSH bound
5(22) is ∼ 0.9428, which means that state (18) is local for
any superselection sectors of non-BD vacua.
(ii) For the initial state prepared with τ ∈ (τ0, 1], we
have λ1 = λ2 < λ3. The corresponding CHSH bound is
〈 Bmax 〉(ii) = 2
√
λ1 + λ3
=
2
3 +R2α
√
R4α(τ
2 + 4τ + 5) + 2R2α(τ
2 + τ) + 2τ2
(23)
Since Rα ∈ [−1,+1] for varying β, we can evaluate (23)
and find it cannot across the classical bound of 2, which
indicates that there is no quantum nonlocality for final
state (18) with such initial state preparation.
(iii) For the initial state preparing with τ ∈ [−3, τ0),
we have λ1 = λ2 > λ3. Then the CHSH bound becomes
〈 Bmax 〉(iii) = 2
√
2λ1 = 2
√
2
∣∣τ −R2α∣∣
3 +R2α
(24)
It is easy to observe that for initial state prepared with
τ = −3, the CHSH inequality can be maximally vio-
lated for final equilibrium state up to 2
√
2, i.e., so-called
Tsirelson bound, which is the upper limit to quantum
correlations between distant events. We note that such
violation is independent on any choice of α−vacua.
For general τ ∈ (−3, τ0), things are complicated for
(24) by its dependence on the infinite family of non-BD
vacua. In the following, we want to show that for some
initial states satisfying inequality (19), quantum nonlo-
cality can be generated in final state (18) after Markovian
evolution of the system, and be witnessed by violating
CHSH inequality in de Sitter space.
To illustrate this, we consider two Unruh-DeWitt de-
tectors initially prepared in a Bell-diagonal state in a
freely falling basis
ρ0 =
1
4
(
1(A) ⊗ 1(B) +
3∑
i=1
ciσ
(A)
i ⊗ σ(B)i
)
(25)
with coefficients 0 6 |ci| 6 1. These states are the convex
combination of four Bell states and reduce to maximally
entangled states (Bell-basis) if |c1| = |c2| = |c3| = 1. The
state (25) is a generalization of many important quantum
states, e.g., Werner state [4], and has important applica-
tions in quantum information.
By performing a CHSH violating experiment on the
initial states (25), we can determine the related CHSH
bound. The matrix T tρ0Tρ0 is diagonal with three eigen-
values c21, c
2
2, c
2
3. We consider an instructive example
with c1 = c2 = c3 = −2/3, which gives CHSH bound
〈 Bmax 〉0 = 2
√
2|c1| ≈ 1.8856, indicating that the bipar-
tite detectors have no quantum nonlocality initially. As
τ = −2 in this case, the CHSH bound (24) gives
〈 Bmax 〉Bell-diag = 1√
2
3γ2− + 3e
−2βωγ2+ + 2γ+γ−e
−βω
γ2− + e−2βωγ2+ + γ+γ−e−βω
(26)
where γ± ≡ (1+eα±piω)2. We depict (26) in Fig.2 for var-
ious α, corresponding to different superselection sectors
of de Sitter vacua.
We find that although the initial Bell-diagonal state
is chosen without quantum nonlocality, the final state
of detectors can violate the CHSH inequality, which im-
plies that the quantum correlation has been generated
through Markovian evolution of system and overcome
Gibbons-Hawking decoherence in de Sitter space. With
growing Gibbons-Hawking temperature (i.e., degrading
β), for BD sector of α → −∞, the amount of CHSH
bound monotonously degrades, consistent with the re-
sults of [22].
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FIG. 2. Violation of CHSH inequality. The initial state of
detectors is chosen as Bell-diagonal state with c1 = c2 =
c3 = −2/3 (i.e., τ = −2), which satisfies CHSH inequality.
With quantum correlation generated through Markovian evo-
lution of the system, the inequality can be violated for the
final state of detectors. For general α−vacua, the amount of
CHSH bound drastically increases after certain turning point
βc. In particular, for vacua sectors with α = −2,−2.5,−3,
the residual quantum nonlocality can survive at arbitrarily
large Gibbons-Hawking temperature. In the inset, the α de-
pendence of residual quantum nonlocality at β → 0 is demon-
strated, where a bigger violation of CHSH inequality happens
for larger deviation from BD superselection sector.
For non-BD sectors of vacua, however, we find
that there is a drastically increase of CHSH bound
when β across certain turning point, determined by
∂β〈 Bmax 〉Bell-diag = 0 as
βc(α) =
1
ω
ln
γ+
γ−
(27)
With larger deviation from BD superselection sector, we
observe a bigger amount of violation of CHSH inequality
for non-BD vacuum sectors. This implies that the CHSH
inequality is useful to classify the initial quantum state
of the Universe in an inflationary context. Moreover,
starting with same initial state, for some α−vacua, we
find that CHSH bound under arbitrarily large Gibbons-
Hawking decoherence (as β → 0) can surpass the classical
bound, which means that nonvanishing residual quantum
6nonlocality survives2, as depicted in the inset of Fig.2. It
is interesting to note that our result contrasts sharply to
previous findings in [21], which claimed that no quantum
nonlocality can exist in the limit of β → 0, regardless of
any vacuum sectors. Nevertheless, with in mind that our
Bell violating experiment is performed on a local quan-
tum system, we need not surprise on its difference to the
Bell test in [21] which utilizes global field modes in non-
BD sectors.
The increment of CHSH bound in Fig.2 can natu-
rally be attributed to intrinsic quantum correlation of
α−vacua, since they are constructed by squeezing oper-
ator Sˆ(α) ∼ exp[α(aˆ†2 − aˆ2)] on BD vacuum. For small
squeezing parameter |α|, the quantum uncertainty of the
state can be constrained so heavily, such that the intrinsic
correlation grows faster than Gibbons-Hawking decoher-
ence.
III.2. Quantum nonlocality as physical resource
In the following, we show that the quantum nonlocal-
ity arising from α−vacua can be utilized as a physical re-
source within quantum information applications. In par-
ticular, we consider an uncertainty game between Unruh-
DeWitt detectors and show that the witnessed intrinsic
correlation of non-BD vacua can be used to surpass the
Heisenberg uncertainty bound of quantum measurement
in de Sitter space.
Firstly, we would like to clarify the inequivalent be-
tween quantum nonlocality serving as a witness of quan-
tum correlation and quantum entanglement itself for gen-
eral α−vacua. We choose quantum negativity as a mea-
sure of distillable entanglement for detectors’ final equi-
librium state, defined [33] as N (ρ) = 12
∑
i(|λ˜i| − λ˜i) =
−∑λ˜i<0 λ˜i, where λ˜i are the negative eigenvalues of par-
tial transposed density matrix of ρ. The value of neg-
ativity ranges from 0, for separable states, to 0.5, for
maximally entangled states. Form (18), we can straight-
forwardly obtain [34]
N = 2
√
R4α +R
2
α(9 + 4τ + τ
2) + τ2 − (3 + τ)(1 +R2α)
4(3 +R2α)
(28)
which reaches maximum 0.5 at τ = −3 and becomes
vanishing at τ = (5R2α − 3)/(3−R2α).
For different superselection sectors of vacua, we depict
the related negativity in Fig.3. While entanglement ex-
hibiting a similar dynamics w.r.t. β as the CHSH bound
2 Strictly speaking, we cannot approach β → 0 (` → 0) arbitrar-
ily close since new physics around Planckian/stringy scales may
enter. The natural way to resolve this is replacing (13) by a
deformed Wightman function to incorporate Planck cutoff [40].
Nevertheless, in present analysis, we will not discuss details fur-
ther and just emphasize the persistence of generated quantum
nonlocality in non-BD sectors under large Gibbons-Hawking de-
coherence, distinct from previous findings.
in Fig.2, residual entanglement can survive with arbitrar-
ily large Gibbons-Hawking temperature for every super-
selection sector of vacua, including BD sector. However,
as we showed before, except part of non-BD vacuum sec-
tors (e.g., sectors with α = −2,−2.5,−3 in Fig.2), the
final state of detectors cannot violate CHSH inequality,
which means that no quantum information tasks using
these entanglement can outperform states with appro-
priate classical correlations. In this meaning, witnesses
on quantum correlation such as quantum nonlocality just
quantify the part of entanglement that can be utilized
as a physical resource in practical quantum information
process.
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FIG. 3. Negativity as a measure of entanglement. The ini-
tial state of detectors is chosen as Bell-diagonal state with
c1 = c2 = c3 = −2/3 (i.e., τ = −2). For general α−vacua,
negativity can drastically increase after turning point βc. In
the inset, the α dependence of residual quantum entanglement
at infinite Gibbons-Hawking temperature is demonstrated,
where the larger negativity happens for larger deviation from
BD superselection sector.
Regarding the squeezing nature of non-BD vacua, their
intrinsic correlation can be recast by an entropic form
of quantum uncertainty relation [35]. In particular, we
consider an uncertainty game played by Alice (A) and
Bob (B), freely falling two-level atoms in de Sitter space.
For incompatible measurements Q and R on quantum
system A, with B serving as a memory, one arrives at
quantum-memory-assisted entropic uncertainty relation
(EUR) [36]
S(Q|B) + S(R|B) > Ub (29)
where Ub ≡ − log2 c + S(A|B) is the entropic uncer-
tainty bound (EUB), and c = maxi,j |〈ai|bj〉|2 quantifies
the complementarity of observables Q and R with eigen-
vectors |ai〉 and |bj〉. For disentangled A and B, the
quantum conditional von Neumann entropy S(A|B) =
S(ρAB)− S(ρB) satisfies S(A|B) > 0, which means that
the lower Ub is at most the Heisenberg uncertainty bound
− log2 c. However, once A and B are entangled, S(A|B)
may possible be negative, leading to a EUB lower than
Heisenberg bound. In the extreme case where A and B
are maximally entangled, Ub = 0, enabling us to predict
7the outcomes precisely. Experimentally, EUB has served
[37] as a novel witness of quantum entanglement between
A and B.
We would like to compare EUB for (18) with related
quantum nonlocality discussed before. For simplicity, we
assume that the qubit A of Alice is measured by one of
Pauli operators, which gives c = 12 for any two observ-
ables σj and σk (j 6= k = 1, 2, 3). In our case, we apply
the EUB of (29) for the final equilibrium state (18), which
gives [34]
Ub =
3 + τ
4
[
log2(3 +R
2
α)−
∑
=±
(
1 +
4Rα
R2α + 3
)
log2(1 + Rα)
]
+Hbin
(
1− τ
4
)
−Hbin
[
1
2
(
1− 3 + τ
1 + 3/Rα
)]
+ 1 (30)
where the binary entropy is defined as Hbin(p) ≡
−p log2 p − (1 − p) log2(1 − p), and Rα is given by (17).
For specific initial state with τ , we expect that the intrin-
sic correlation of superselection sectors of non-BD vacua
can be witnessed by Ub through its violation of Heisen-
berg uncertainty bound, i.e., Ub 6 1 in our case.
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FIG. 4. EUB as a witness of quantum entanglement. The
initial state of detectors is chosen as Bell-diagonal state with
c1 = c2 = c3 = −2/3 (i.e., τ = −2). For non-BD vacua sectors
with α = −2,−2.5, the Heisenberg uncertainty bound Ub = 1
can be violated at arbitrarily large Gibbons-Hawking temper-
ature, witnessing the residual entanglement between detector
and quantum memory. In the inset, the α dependence of EUB
at β → 0 is demonstrated.
We depict the dynamics of EUB (30) w.r.t. β in
Fig.4 for superselection sectors of non-BD vacua with
α = −2,−2.5,−3,−4, as well as BD vacuum sector with
α→ −∞. Firstly, we observe that EUB of quantum mea-
surement performed by detector can violate the Heisen-
berg bound Ub = 1 at large β, but growing with high
Gibbons-Hawking temperature, which is not surprising
as the thermality of de Sitter vacua should introduce clas-
sical noise in quantum measurement [38]. Nevertheless,
for non-BD vacuum sectors, Ub degrades once across cer-
tain turning point βc, consistent with the behavior of
CHSH bound in Fig.2. In particular, we find that for
arbitrarily large Gibbons-Hawking temperature, residual
quantum correlation for α = −2,−2.5 can be utilized to
surmount the Heisenberg bound through Ub < 1, com-
patible with the interpretation that only the entangle-
ment recognized by quantum witnesses (e.g., violation of
CHSH inequality) can be employed in practical quantum
information tasks. Moreover, since the residual entan-
glement at β → 0 for α = −3 can be recognized by the
violation of CHSH inequality (26) but not the EUB (30),
we should refer quantum nonlocality as a more profound
quantum witness.
IV. CONCLUSIONS
In this paper, we explore quantum nonlocality as a wit-
ness to intrinsic quantum correlation of non-BD vacua in
de Sitter space. By performing CHSH inequality violat-
ing test on the localized state of two Unruh-DeWitt de-
tectors, we find that the amount of inequality violation
quantified by CHSH bound can drastically increase after
certain turning point βc for non-BD sectors, as a result of
competition between Gibbons-Hawking decoherence and
intrinsic correlation of α−vacua. Since we found a clear
difference between BD vacuum and non-BD vacua in the
violation of CHSH inequality, we may be able to clas-
sify the initial quantum state in inflationary cosmology.
In particular, quantum nonlocality in some non-BD sec-
tors can persist under arbitrarily large Gibbons-Hawking
decoherence, contrasting sharply with results of [21] em-
ploying global field modes. Moreover, we show that those
quantum correlation witnessed by quantum nonlocality
can be utilized as a physical resource in practical quan-
tum information process, such as surpassing Heisenberg
uncertainty bound of quantum measurements in de Sitter
space.
Our study raises several implications. Firstly, besides
attributing to the squeezing nature of α−vacua, an al-
ternative explanation on the increment of CHSH bound
in Fig.2 may appeal to the connection between parame-
ter α and fundamental scale Λ of quantum gravity, e.g.,
eα ∼ (H/Λ) implied by trans-Planckian physics in cos-
mology [18]. The scale cutoff at Λ means that we can
hardly distinguish the events in de Sitter space once
across Λ to infinitesimal scales [39]. Inherited by lo-
cal quantum state of detectors, such indistinguishability
of states below scale Λ might be manifested in quan-
tum nonlocality. Once we expect an universal relation
between Λ and vacua selection should exist in de Sit-
ter space, suggested as in trans-Planckian issue of infla-
tion, the quantum nonlocality can be witnessed by an
α−dependent CHSH bound beyond classical limit. In
this meaning, the increment of CHSH bound for general
α may imply a possible quantum gravity effect, poten-
tially emerging at the scale determined from (27). Such
interpretation of βc as possible manifestation of quan-
tum gravity may further be supported from the study
on quantum communication between local events in de
Sitter space [21], where the quantum capacity of Grass-
8mann communication channel approaches zero at certain
α−dependent scale.
Moreover, we can go further to ask that, regardless of
specific inflation model, if any invariant Planck scale cut-
off in quantum gravity can be witnessed by the emergence
of quantum nonlocality. Evidences shown [40] that the
delocalization caused by the minimal length should lead
to a deformed two-point correlation function, which mod-
ifies the spectrum of a detector in curved spacetime. By
performing Bell-type inequalities violating experiment on
the localized state of detector, the quantum nonlocality
arose directly from minimal length is expected to be wit-
nessed.
Finally, while we have evaluated a Bell’s test for de-
tectors in equilibrium state purely determined by the
thermality of α−vacua, it would be interesting to fur-
ther explore that how the time-dependence of de Sit-
ter background may be encoded into quantum nonlocal-
ity of open quantum system. To achieve this, rather
than be placed in an environment of given (non-)BD
states, we assume the detectors interact with a scalar
field Φ(x) in its instantaneous ground state |0t〉 (with
|BD〉 = limt→−∞ |0t〉) at each instant [41]. We should
note that this leads to a different relaxation process from
the one where the detectors get adjusted to their given
environment. The later process can be neglected by tak-
ing large time limit to give asymptotical equilibrium state
as we did in Section II. Starting within instantaneous
ground state, the corresponding Wightman function of
scalar field is then deformed from G+BD to have addi-
tional damping term [41], and becomes time-dependent
under Fourier transformation. Following same analysis in
this paper, we can eventually deduce a CHSH bound un-
dergoing a time-dependent relaxation inherited from the
nonequilibrium dynamics of de Sitter background. We
will report the related work elsewhere.
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